Thymus-specific serine protease (TSSP) is a novel protease that may contribute to the generation of the peptide repertoire presented by MHC class II molecules in the thymus. Although TSSP deficiency has no quantitative impact on the development of CD4 T cells expressing a polyclonal T cell receptor (TCR) repertoire, the development of CD4 T cells expressing the OTII and Marilyn transgenic TCRs is impaired in TSSP-deficient mice. In this study, we assess the role of TSSP in shaping the functional endogenous polyclonal CD4 T cell repertoire by analyzing the response of TSSP-deficient mice to several protein antigens (Ags). Although TSSP-deficient mice responded normally to most of the Ags tested, they responded poorly to hen egg lysozyme (HEL). The impaired CD4 T cell response of TSSP-deficient mice to HEL correlated with significant alteration of the dominant TCR- chain repertoire expressed by HEL-specific CD4 T cells, suggesting that TSSP is necessary for the intrathymic development of cells expressing these TCRs. Thus, TSSP contributes to the diversification of the functional endogenous CD4 T cell TCR repertoire in the thymus.
The functional T cell repertoire is shaped in the thymus by positive and negative selection through interactions with MHC-peptide complexes expressed by thymic epithelial cells (TECs) and BM-derived APCs. Consequently, the size of the CD4 T cell compartment and its diversity are determined by the complexity of the selfpeptide repertoire presented by MHC class II molecules in the thymus (Marrack and Kappler, 1997; Ebert et al., 2009; Lo et al., 2009) .
The peptides for loading on MHC class II molecules are generated by sequential proteolysis of endosomal proteins. At present, only cysteine proteases, including cathepsin (Cat)-S, -L, -F, and -H and asparaginyl endopeptidase (AEP), and the aspartyl proteases Cat-D and -E have been linked to antigen (Ag) processing (Hsing and Rudensky, 2005) . However, some indirect evidence suggests that serine proteases and metalloproteases may also contribute to this latter process (Musson et al., 2003 (Musson et al., , 2006 .
Although the different Ag-processing enzymes present broad specificities, the generation of some peptides may be strictly dependent on a given protease. Thus, Cat-S appeared necessary for the generation of some class II epitopes of myoglobin (Myo), hen egg lysozyme (HEL), OVA, and KLH (Nakagawa et al., 1999; Shi et al., 1999; Plüger et al., 2002) . Large-scale analysis of the I-A b -bound peptides in embryonic fibroblast lines expressing either Cat-S or Cat-L also suggested that these two enzymes have some substrate specificities (Hsieh et al., 2002) . Similarly, AEP enhances processing of tetanus toxin for presentation by human EBV-B HEL 12-27 peptide, by WT and Tssp / spleen APCs using the BW-HEL clone that expresses mouse CD4 and an IA g7 -restricted TCR specific for the NOD immunodominant epitope HEL [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Both types of APCs presented equally well the HEL protein and HEL [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] peptide to the BW-HEL clone, indicating that expression of TSSP by spleen APCs is not required for generation of the HEL immunodominant epitope in vitro (Fig. 2 A) . To further determine whether TSSP was not required for HEL processing in vivo, we immunized Tssp / and WT control mice with either the HEL protein or the HEL 12-27 peptide and restimulated in vitro the primed CD4 T cells with the HEL 12-27 peptide. We found that regardless of the nature of Ag used for the in vivo priming, the proliferative response of CD4 T cells from Tssp / mice was reduced as compared with that of WT CD4 T cells (Fig. 2 , B and C). Finally, we compared the in vivo priming efficacy of peptide-loaded BM-derived WT and Tssp / DCs and found that the two DC populations were equivalent at inducing high response in WT control and low response in Tssp / mice (Fig. 2 D) .
To gain more insight into the reduced response of Tssp / mice, we examined the proliferative profile of CFSE-labeled HEL-primed CD4 T cells upon in vitro restimulation. We found that at both day 3 and 6 after in vitro restimulation, CD4 T cells from Tssp / deficient mice accomplished fewer divisions than those from WT mice (Fig. 2 E) . No such difference was observed in response to OVA or anti-CD3 stimulation (Fig. 2 E) . These results strongly suggest that in mice lacking TSSP, the HEL-specific CD4 T cells might display a lower affinity than their WT counterparts.
cell lines but destroys a dominant epitope of myelin basic protein (Manoury et al., 1998 (Manoury et al., , 2002 . Whether and how these substrate specificities impact on the selection of the CD4 T cell repertoire in the thymus remain unknown.
Thymus-specific serine protease (TSSP) is a putative serine protease that was initially described as a gene linked to a diabetes susceptibility locus in humans (Lie et al., 1999) . Subsequent studies showed that TSSP was predominantly expressed in the endosomal compartment of cortical TECs (cTECs; Bowlus et al., 1999; Carrier et al., 1999) . This latter observation led to the hypothesis that TSSP may contribute to the generation of the peptide repertoire presented by MHC class II molecules in the thymus and consequently shape the CD4 T cell repertoire. TSSP-deficient (Tssp / ) B6 and nonobese diabetic (NOD) mice show normal thymic development of CD4 T cells expressing polyclonal TCR (Cheunsuk et al., 2005; Gommeaux et al., 2009; unpublished data) . However, TSSP is necessary for the development of CD4 T cells expressing the class II-restricted OTII and Marilyn transgenic TCRs (Gommeaux et al., 2009 ). These different observations suggested that TSSP has likely no generic role in MHC class II presentation but may contribute to the diversification of the peptide repertoire presented by MHC class II molecules in the thymus. In this study, we evaluated the impact of this putative peptide-editing function of TSSP on the development of the functional polyclonal CD4 T cell repertoire of Tssp / NOD mice.
RESULTS AND DISCUSSION
Tssp / mice are immunocompetent Because TSSP is thought to have a role in type 1 diabetes, we focused our study on Tssp / NOD mice. To assess the role of TSSP in the development of a functional CD4 T cell repertoire, we immunized Tssp / and WT control NOD mice with different protein Ags in CFA and analyzed the in vitro proliferative response of purified CD4 T cells upon restimulation with the immunizing Ag and WT APC. We found that the CD4 T cell responses of Tssp / and WT control mice to KLH, equine Myo, chicken OVA, chicken conalbumin, and bovine RNase (RNase) were similar (Fig. 1) . In sharp contrast, the CD4 T cell response of Tssp / mice to HEL was dramatically reduced as compared with that of WT control mice (Fig. 1) . Collectively, these results show that Tssp / mice are immunocompetent and respond to most of the protein Ags tested to levels comparable with those of WT mice. However, Tssp / mice are hyporesponsive to HEL.
The reduced response of Tssp / mice to HEL does not result from defective processing of the HEL protein Because TSSP is a putative protease of the MHC class II pathway, it was possible that the defective response of Tssp / mice to HEL may result from inefficient processing of the protein by APCs in vivo and consequently inefficient priming of the HEL-specific CD4 T cells. To address this issue, we first analyzed the presentation of HEL protein, and as control the Collectively, these results indicate that hyporesponsiveness of Tssp / mice to HEL reflects a CD4 T cell property that is acquired during thymic differentiation. The observation that in addition to TEC thymic DCs lacking TSSP can also induce hyporesponsiveness to HEL reveals a new function of TSSP in the thymus. Indeed, in this latter case, TSSP-deficient DCs likely induce the deletion of some high affinity HEL-reactive CD4 T cells through the presentation of high affinity TCR ligands. Thus, the protease TSSP would prevent the generation of this HEL mimotope. Although we do not detect TSSP messenger RNA in Tssp / thymi, we cannot formally exclude the trivial possibility that the recombination events during gene targeting of the Tssp locus led to a truncated polypeptide containing an HEL 12-27 mimotope. Nonetheless, our observations further questioned the mechanism by which TSSP-deficient TECs, and more likely cTECs, may alter the HEL-specific CD4 T cell repertoire. Indeed, cTECs can induce positive selection but also negative selection of some self-reactive T cells (Goldman et al., 2005; McCaughtry et al., 2008; Klein et al., 2009 ). Therefore, it is possible that cTECs lacking TSSP may induce negative selection of some HELspecific CD4 T cells either directly or indirectly through cross-presentation of self-determinants by thymic DCs.
Distinct TCR repertoire features of HEL-responsive CD4 T cells from Tssp / mice
The aforementioned results suggested that TSSP deficiency might lead to modification of the TCR repertoire of HELresponsive CD4 T cells. To address this question, we first examined whether TSSP deficiency may alter the V chain usage of HEL 12-27 -specific CD4 T cells. For this experiment, we isolated CD4 T cells from HEL-primed mice, labeled them with CFSE, and stimulated them in vitro with the HEL 12-27 peptide and syngeneic APC. 5-6 d later, the HELresponsive CD4 T cells were FACS sorted based on CFSE dilution, and expression of the different V gene segments was analyzed by real-time PCR. Parallel experiments showed that the V usage of naive CD4 T cells from unprimed WT and Tssp / mice were similar (Fig. 4) . We found in the HELspecific CD4 T cells from WT mice a marked amplification of the V6 segment, representing 29.9 ± 13.2% (mean ± SD; n = 4) of the total V gene usage and a fourfold increase compared with naive CD4 T cells (Fig. 4) . Among other V segments, only V7 values were significantly increased in HEL 12-27 -responsive CD4 T cells from all WT mice relative to CD4 T cells from naive mice (fourfold increase). However, V7 usage by HEL-specific CD4 T cells was not significantly different from that of other V segments. Therefore, in NOD mice, HEL 12-27 -specific CD4 T cells preferentially use V6 segments. Importantly, such V6 bias was not observed when the same CD4 T cells were stimulated with anti-CD3/CD28 mAbs (Table S1 ).
This prominent V6 segment usage was not observed for HEL 12-27 -responsive CD4 T cells from HEL-primed Tssp / mice. Indeed, for this CD4 T cell population, the representation of V6 segments (17.8 ± 7.9%; n = 5) was not significantly Impaired thymic selection of HEL-specific CD4 T cells in Tssp / mice The aforementioned results suggested that TSSP might be necessary for the intrathymic development of high affinity HEL-specific CD4 T cells. In agreement, we found that the thymic development of CD4 T cells expressing a given HELspecific IA g7 -restricted TCR was impaired in Tssp / mice as compared with WT NOD mice (Fig. S1) . We next examined whether TSSP deficiency may likewise impact on the generation of a polyclonal HEL-specific CD4 T cell repertoire using BM chimeras. TSSP is highly expressed by cTEC (Bowlus et al., 1999; Carrier et al., 1999; Cheunsuk et al., 2002) but also, at lower levels, by thymic DCs (unpublished data). Therefore, we examined the effect of TSSP deficiency in radioresistant TECs on the differentiation of some HEL-specific CD4 T cells by injecting WT BM cells into lethally irradiated Tssp / NOD-C° mice (WT → KO) or, as control, into NOD-C° host (WT → WT). Conversely, to assess the role of TSSP-deficient BM-derived thymic APCs in deleting some HEL-specific CD4 T cells, we reconstituted irradiated NOD-C° mice with a mix of WT and NOD-C° TSSPdeficient BM cells (WT + C°-KO → WT). We found that both WT → KO and WT + C°-KO → WT chimeras showed a reduced CD4 T cell response to HEL that was comparable with that observed in Tssp / mice or control chimera, in which both the TECs and thymic APCs lack TSSP expression (Fig. 3) . of them (sequence 32, IFDRGSAETL) was clearly more frequently used by CD4 T cells from Tssp / mice: found 22 times among three out of five Tssp / mice versus 3 times for one out of four WT mice (Table I ). This CDR3 was thus overtly more available within the CD4 T cell repertoire of Tssp / mice and presumably did not allow for a robust CD4 T cell response to HEL challenge. Finally, although no dominant CDR3 rearrangements were revealed by this analysis in WT mice, two additional dominant CDR3 rearrangements were found in Tssp / mice (sequence 38, SILGGNYAEQ; sequence 45, SWDFLNTGQL).
To further compare the HEL-specific TCR repertoire of WT and Tssp / mice, we amplified and sequenced V6-J2.1 joints, a rearrangement which was frequently used by HEL 12-27 -responsive CD4 T cells in both strains of mice. The analysis of 92 clones revealed that V6-J2.1 joints found only in WT CD4 T cells were characterized by a high frequency of positively charged residues and prevalence of an arginine residue, relative to their counterparts from Tssp / mice (Table II) . This CDR3 feature correlated with a marked increase in D1.1 gene segment usage (10/12 CDR3 sequences), suggesting that these rearrangements may confer a better fit. This analysis also revealed the dominant repertoire of HELspecific CD4 T cells in WT mice (SRTDYAEQ, SISNYAEQ, and SILGGNYAEQ). Only one of these rearrangements (SILGGNYAEQ) was also dominant and public in Tssp / mice (Table II) . To confirm these observations, we estimated, by real-time RT-PCR, the distribution of these three clonotypes among HEL-specific CD4 T cells in WT and Tssp / mice. We first amplified the V6-C segments and used clonotype-specific primers for the real-time PCR amplification. Although the SILGGNYAEQ and SRTDYAEQ sequences were public and dominant in WT control mice, only the former was also public and dominant in Tssp / mice (Fig. S2 B) .
higher than that of V1, V2, V7, V8.2, and V8.3 segments (Fig. 4) . However, in this case too, V6 and V7 gene usage by HEL-specific CD4 T cells was significantly increased as compared with that of naive CD4 T cells (2.4-and 3.7-fold, respectively). Thus, the reduced CD4 T cell response of Tssp / mice to HEL 12-27 correlated with a lowered usage of the V6 gene segment.
To further examine the impact of TSSP deficiency on the HEL-specific TCR repertoire, we cloned and sequenced their V6-J-C region. The analysis of 132 clones derived from the aforementioned four WT and five Tssp / mice identified 54 distinct CDR3 sequences that could be ordered into three groups (Table I) . A first group included sequences found only in WT CD4 T cells (42% of sequences; sequences 1-23), and a second group included those found only in CD4 T cells from Tssp / mice (37% of the sequences; sequences 35-54). Finally, 20% of sequences could be amplified from both types of cells (sequences 24-34).
There were no significant differences in the J segment usage between V6 chains found in HEL 12-27 -responsive CD4 T cells from WT or Tssp / mice. Analysis of all the V6 CDR3 sequences points to several interesting findings. First, although HEL-responsive CD4 T cells from Tssp / mice had accomplished fewer divisions, they showed less CDR3 diversity. Indeed, repeated occurrences of few V6 rearrangements were found for TSSP-deficient but not for WT CD4 T cells. Thus, the percentage of unique sequences among the total number of CDR3 sequences for WT mice was 73, 100, 85, and 73% (mice 1-4, respectively), and for Tssp2/2 mice it was 33, 37%, 73, 83, and 42% (mice 1-5, respectively; Table I ). Because these clones showed the same nucleotide sequence (unpublished data), they likely derive from the same naive CD4 T cell precursor that had a selective advantage. Second, among CDR3 sequences shared by both types of cells, one In WT mice, V6 usage was significantly higher than that of all other V genes, except V7 (P < 0.05). The p-value of those V with an increased representation in CD4 T cells from primed mice as compared with that of naive mice is shown (*, P < 0.05; **, P < 0.01). with alteration of the TCR repertoire of the HEL-specific CD4 T cells. Thus, TSSP is necessary for the intrathymic development of CD4 T cells that confer robust anti-HEL response but dispensable for the development of CD4 T cells specific for KLH, Myo, OVA, conalbumin, and RNase. Although this analysis is still limited, these results suggest that the development of the functional CD4 T cell repertoire corresponding to roughly 15% of the Ags tested requires TSSP function in the thymus. Thus, TSSP contributes substantially to the diversification of the functional CD4 T cell repertoire.
Furthermore, the representation of the SRTDYAEQ clonotype was very low in Tssp / mice, representing <10% of that detected in WT mice (Fig. S2 A) . Regarding the SISNYAEQ rearrangement, the combined sequence analysis (Table II) and real-time PCR analysis (Fig. S2 ) indicated that this rearrangement is public but not dominant in both strains of mice. Overall, these results show that one of the public rearrangements found in WT mice (SRTDYAEQ) was barely used by Tssp / mice. Altogether, the aforementioned data indicate that hyporesponsiveness of Tssp / mice to HEL challenge is associated 
Compilation of 18 distinct CDR3 sequences derived from 92 clones of V6-J2.1 joints from purified HEL-responsive CD4 T cells from four WT (1-4) and five Tssp / (1-5) HEL-immunized mice. For each sequence, the CDR3 length (L) and CDR3 net charge (nCh) are indicated. Negatively and positively charged amino acids are shown underlined and in bold, respectively. The number of times each sequence occurred in individual mice is shown.
using SuperScript II enzyme (Invitrogen) according to manufacturers' instructions. V expression pattern was assessed by real-time PCR using V-specific primers and probes as described previously that allowed for the detection of 24 different V (Lim et al., 2002; Pannetier et al., 1993) . The probe sequence is 5-AAATGTGACTCCACCCAAGGTCTCCTTGTT-3. The relative usage of each V expressed as a percentage was calculated using the following equation: For sequencing, the PCR reaction was made using Phusion High-Fidelity DNA polymerase (Finnzymes) and V6 forward primers together with C or J2.1 reversed primers. The PCR product was directly subcloned using TOPO TA cloning kit for sequencing (Invitrogen).
Statistics. Unpaired t tests were calculated using Prism software (GraphPad Software, Inc.) . Unpaired values are shown. For Fig. 2 C, one-sample t tests were run using Prism software.
Online supplemental material. Fig. S1 shows the intrathymic development of CD4 T cells expressing a given HEL-specific IA g7 -restricted TCR in WT and Tssp / thymic environment. Fig. S2 shows the distribution, among HEL-specific CD4 T cells from WT and Tssp / mice, of the three dominant clonotypes shown in Table II (SRTDYAEQ, SISNYAEQ, and SILGGNYAEQ). Table S1 shows the V gene usage of anti-CD3/CD28-stimulated CD4 T cells from WT and Tssp / mice. Online supplemental material is available at http://www.jem.org/cgi/content/full/jem.20100027/DC1.
Although the function of TSSP has not yet been proven experimentally, the demonstration that TSSP is necessary for the selection of some CD4 T cell specificities strongly suggests that TSSP is a novel protease of the class II presentation pathway (Gommeaux et al., 2009; this study) . Compared with other class II Ag-processing enzymes, such as the Cat family or AEP, TSSP would then be the first example of a protease of this pathway with a restricted but significant impact on CD4 T cell repertoire diversification and immune responsiveness.
MATERIALS AND METHODS
Mice. TSSP-deficient NOD mice and WT control littermates were generated by backcrossing Tssp +/ B6 mice (Gommeaux et al., 2009 ) onto the NOD background for 10 generations. All experiments involving animals were performed in accordance with national and European regulations and Institut National de la Santé et de la Recherche Médicale institutional guidelines.
Immunization and DC generation. Mice were immunized by subcutaneous injections into the footpad and tail base of 20 µg HPLC-purified (>95% purity) HEL 12-27 peptide (GeneCust) or 100 µg of protein emulsified in CFA (Sigma-Aldrich). DCs were derived from BM culture in the presence of GM-CSF (10% conditioned media). At day 6, BM DCs were activated for 18 h with 1 µg/ml polyinosinic-polycytidylic acid and 50 ng/ml TNF and then loaded with 40 nM HEL 12-27 for 2 h at 37°C and washed three times before subcutaneous injections into the footpad and tail base (2 × 10 6 /mouse). Proliferation of draining LN CD4 T cells was analyzed at day 11 after immunization. BM chimeras. 6-8-wk-old control or TSSP-deficient NOD mice on a TCR C-deficient (C°) background were irradiated (9.5 Gy) the day before i.v. injection of T cell-depleted BM cells that consisted of either WT cells (5-6 × 10 6 ) or a 1:1 mix of WT and TSSP-deficient NOD-C° BM cells. After 7-10 wk, the chimeras were i.p. injected with 200 µg HEL protein emulsified in adjuvant system (Sigma-Aldrich). The proliferative response of spleen CD4 T cells was analyzed 7 d later.
T cell proliferation assays. CD4 T cells were isolated from draining LNs or spleen by negative selection using anti-CD8- (H58.55.8), anti-FcRb (2.4G2), anti-CD11b (M1/70), and anti-B220 (RA3-6B2) mAbs and antirat IgG-coated magnetic beads (Dynabeads; Invitrogen). 4 × 10 5 purified CD4 T cells were stimulated in the presence of the appropriate Ag along with 10 6 irradiated (20 Gy) NOD splenocytes. After 3-4 d, the cultures were pulsed with 1 µCi/well of [ 3 H]thymidine (GE Healthcare). Background values corresponding to cultures without Ag were subtracted to the experimental values (cpm). Alternatively, 2 × 10 6 purified CD4 T cells were CFSE labeled and stimulated with 10 µM HEL 12-27 peptide or 50 µg/ml OVA protein or 1 µg/ml anti-CD3 and anti-CD28 antibodies and 2 × 10 6 T celldepleted spleen APCs. 3 and 6 d later, the cells were stained with APC-conjugated anti-CD4 antibody and propidium iodide to exclude dead cells.
Ag presentation assays. The BW-HEL clone was generated by transfecting BW    thymoma with mouse CD4 and the TCR- and TCR- chain of a HEL 12-27 -specific T cell clone (Burton et al., 2008) . 5 × 10 5 T cell-depleted spleen APCs were pulsed in vitro with graded doses of Ag and incubated with 5 × 10 4 BW-HEL cells for 24 h. IL-2 production was tested by CTL.L assay.
Analysis of V usage by real-time PCR and sequencing of CDR3 segments. CFSE-labeled CD4 T cells were stimulated with 10 µM HEL 12-27 peptide as described in T cell proliferation assays. WT and TSSP-deficient cells were cultured for 5 d and 6 d, respectively. Cells that had accomplished more than one division were FACS sorted based on CFSE dilution and CD4 expression using an Epics ALTRA flow cytometer (Beckman Coulter). RNA was extracted from either naive CD4 T cells or in vitro stimulated CD4 T cells using the RNeasy Micro kit (QIAGEN), and cDNA was produced
